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Structural studies of amorphous Zn-P films 
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Large angle X-ray diffraction studies were performed on vapour deposited Zn-P amorphous 
films with phosphorus contents of 43, 50 and 68 at %. Using MoK¢ radiation, measurements 

~, have been made for 4~sin 0/X between 0.06 and 1.6 nm -1. The experimental method and data 
reduction procedure are described. The structure of the amorphous Zn-P films is analysed 
using both intensity and radial distribution functions. The experimental results are compared 
with a number of paracrystalline models based on various crystalline polymorphs of the II-V 
system. Comparison shows that reasonable agreement is achieved for distorted tetrahedral 
structures: the intermediate between CdAs and Si type III for Zn57P43 and ZnsoPso and the 
distorted CdAs2 for Zn32 Pe8. The sizes of the microparacrystals are evaluated from the integral 
widths of the first diffraction peaks and the lattice distortions by applying paracrystalline 
theory. It is shown that the size of the microparacrystal and the degree of the lattice distortion 
are correlated by the ¢* relation for the investigated Zn-P amorphous films. 

1. Introduct ion  
In the binary semiconducting Zn-P  system, three 
crystalline phases (Zn3P2, ~- and [3-ZnPz) were re- 
vealed [1]. Most previous investigations have concen- 
trated on Zn 3 P2 single crystal and polycrystalline thin 
films [2-7]. Optical and electrical properties, i.e. the 
existence of the optical direct transition at 1.5 eV with 
a high absorption coefficient (greater than 104 c m - 1 ) ,  

make these attractive as the active layer in solar cells 
[8 11]. Solar cells with efficiency of 6 and 2% for the 
crystalline bulk material and the thin films, respect- 
ively, were reported. The Zn -P  system is characterized 
by its ability to form amorphous films when the poly- 
crystalline Zn3P 2 material is evaporated and depos- 
ited in vacuum onto a substrate at room temperature. 
Although the preparation and characterization of 
a-Zn3P 2 films are reported in the literature [12-18] 
together with their optical and electrical properties, 
their atomic structure has not been studied. In this 
paper, X-ray diffraction (XRD) structural studies of 
the amorphous Zn -P  films with phosphorus contents 
of 43, 50 and 68 at %, prepared by vacuum evapor- 
ation, are presented. 

2. Experimental procedure 
2.1. Sample preparation 
The amorphous films of zinc phosphide were prepared 
by thermal evaporation of bulk polycrystalline Zn 3 Pz 
and ~-ZnP 2 materials onto glass substrates main- 
tained at room temperature. The substrates were 
cleaned ultrasonically in absolute ethanol. The evap- 
oration was performed at a pressure of 1.333 x 10-3 
Pa. The source material was evaporated from a 
corundum crucible resistively heated with a tantalum 

spiral. Chemical analysis showed that the composition 
of the films prepared from the Zn3P 2 source material 
were  Z n 5 7 P 4 3  and ZnsoPso at deposition rates of 10 
and 30 nm s-~, respectively. The films obtained by 
evaporation of ZnP2 at a deposition rate of 5 nm s- 1 
contained 68 at % P (Zn3zP68). The final film thick- 
nesses of 35, 50 and 16 gm were achieved for composi- 
tions at 43, 50 and 68 at % P using a series of 5-min 
evaporation runs. The densities of the amorphous 
films were calculated from direct thickness, area and 
weight measurements. The determined density values 
were 3.65, 3.41 and 3.50gcm -3 for Zn57P43, ZnsoPs0 
and Zn32P68. 

2.2. L a r g e - a n g l e  XRD m e a s u r e m e n t s  
The XRD data were collected using a diffractometer 
attached with a position-sensitive detector, a molyb- 
denum target tube, a fiat graphite monochromator  
mounted in the primary beam and an evacuated 
chamber before the detector. A detailed description of 
the diffractometer is given elsewhere [19]. The meas- 
urements were performed in a symmetrical transmis- 
sion geometry [20-22]. The data were collected from 
k = 0.06 to 1.6 nm-1  ( k  = 4~ sin0/X where 20 is the 
scattering angle and X is the wavelength of the X-ray 
radiation). 

3. Data p r o c e s s i n g  
The use of the position-sensitive detector in the 
diffractometer allows collection of the intensities with- 
in a short period [19]. A main disadvantage of 
the diffractometer with the incident-beam mono- 
chromator is that fluorescence radiation, possibly 
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excitated in a sample, is recorded by the detector. 
I'm = I m -k- / t im where I "  and lm indicate the meas- 
ured intensity with and without the detected fluore- 
scence If ,  m. This extra radiation, which cannot be 
eliminated by the position-sensitive detector and its 
associated electronics, leads to serious problems with 
correction and normalization of the data. In Fig. 1, the 
Zn fluorescent intensity measured from the Zn32P68 
amorphous film is shown. The correction factor for 
absorption and variation of irradiated volume for a 
flat, extended sample can be written for the sym- 
metrical transmission geometry [23] as 

A f ( 0 )  = exp( - p f t / c o s  0)  exp(A~tt/cos 0) - 1 (1) 
' Ap 

where Ag -- gf - g, ~tf and p are the linear absorption 
coefficients for the fluorescent and incident radiation 
respectively, and, t is the sample thickness. On the 
other hand, the fluorescent intensity can be calculated 
from Equation 1 by multiplying Af(0) by a constant I~' 
as If = Af(0) I}'. gf has been evaluated from tabulated 
values of the mass absorption coefficients, assuming 
the intensity ratio of the K~I:K~2:Kp contributions to 
be 1:0.5:0.2 [24]. The calculated curve is shown in 
Fig. 1, and is identical to the experimental one. In this 
figure the resultant fluorescent intensity, after correc- 
tion according to Equation 1, is also presented. It can 
be seen that I f /A f  is independent of angle to within the 
counting statistics. According to North and Wagner 
[20] such a measurement can be used as a test of 
alignment of the apparatus. Assuming that the 
amount of the fluorescence recorded by the detector 
system If, m is proportional to the measured (or calcu- 
lated) fluorescent intensity If, m = blf, the scaling fac- 
tor b was obtained as follows. In our previous paper 
[25], it was shown that the correction term for absorp- 
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Figure 1 Fluorescent intensity.for the Zn32P68 amorphous film. 
(a) (...) measured; (--) calculated; (b) corrected for absorption and 
change of irradiated volume. 

tion and change of irradiated volume, usually applied 
in the case of a point detector [23] 

A(0) = t / c o s 0 e x p ( -  gt/cos0), (2) 

is valid for the linear position-sensitive detector used 
in a scanning mode. The intensity scattered by non- 
crystalline materials, corrected for absorption, irradia- 
ted volume and polarization, oscillates weakly around 
the independent intensity li, d in the region of high 
angles and finally approaches Ii, d. 

Na 
lln d = 1 /U a ~ IL l  2 + R ( A ' / A ) I  c°mv_p (3) 

p = l  

where fp is the atomic scattering factor for the pth 
atom appropriately corrected for the anomalous dis- 
persion [26-28], /Comp is the Compton intensity, R is - p  

the recoil factor [29], (A ' /A)  is the term resulting from 
increased absorption of the Compton intensity [21], 
and Na is the number of atoms. The normalization 
constant, c . . . .  is calculated as the quotient 

Cno r = I i .d/ I  c (4) 

averaged over the oscillation free region. Ic = Im/(PA) 
where I m is the measured intensity and P is the polar- 
ization factor [23]. The double scattering should be 
considered and subtracted if necessary from the ex- 
perimental intensity in the case of samples with low 
absorption coefficients [29-32]. The double 
scattering, calculated using the tables given by 
Dwiggins [30], was about 2.5% of the total intensity 
for the investigated films. Inserting Equation 2 into 
Equation 4 

( l m C O S 0 X ]  __ g t  l n ( ~ O r  ) ( 5 )  

I n \  P/in d ] COS0 

Plotting ln(lmCOSO/Plind) against 1/cos0, we find 
that this function oscillates about a straight line for the 
experimental data free from the spurious details. The 
measured fluorescence multiplied by the scaling factor 
b was subtracted from the experimental intensity 
I m =  I'm -- blf. The linear behaviour of the plot de- 
scribed by Equation 5 was a criterion for the appropri- 
ate choice of the scaling factor. For the Zn57 P4a and 
ZnsoPso films, this procedure was applied with the 
calculated fluorescence contribution. The correspond- 
ing plots are shown in Fig. 2. Such corrected experi- 
mental data were subjected to the standard procedure 
of correction for absorption, polarization and normal- 
ization [33, 34]. The resulting intensities together with 
lin d are shown in Fig. 3. On the basis of the plots 
presented in Fig. 2, the values of gt calculated from the 
tabulated absorption coefficients and the measured 
thicknesses of the samples could be verified within a 
few per cent. In Table I, the values of fat both calcu- 
lated and determined using the present method, are 
shown. 

4. Resul ts  and discussion 
The interpretation of the experimental data has been 
performed by comparison of both experimental in- 
tensity k i(k) and radial distribution 4r~r(p - P0) func- 
tions with microparacrystalline calculations. These 
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Figure 2 Plots of ln(I m cos O/Pli.d) against 1/cos 0. (a) Zn57 P43; (b) 
ZnsoPso; (c) ZnazP68. 
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Figure 3 Corrected and normalized intensities together with inde- 
pendent scattering. (a) ZnsvP+3; (b) ZnsoPso; (c) ZnnP68. 

functions are related as follows: 

2 .fs max k i lk) M ( k ) s i n ( k r ) d k  (6) 4 r r r ( p -  9o) = 

where i lk)  = I - I i .  d, I is the intensity corrected for 
absorption and polarization expressed in electron 

units. 

(N~___ifP(O)2 / N~=lf.(k) 2) M ( k )  = exp( -- 0.015 k 2) 

Assuming three-dimensional Gaussian distribution of 
interatomic distances rpq, the 4rtrZp(r) function aver- 
aged over all orientations may be written as 
[-35, 40-42] 

1 N. N~ 1 1 4r~r2p(r) = r - -  2 ~, (27~a~q)1/2 Na p=l q=l rpq 
p•q 

{exp[-- (r' - rpq)z/2crzpq] - exp[ - (r' + rpq)2/2a2q]} 

[Ppq(r  - r') - Ppq(r + r ' ) ]dr '  (7) 

where rpq = I rpq], Cpq is the standard deviation of the 
atom p atom q distance. 

1 f'Omax Ppq(r)  = -- f p f *  M ( k ) c o s ( k r ) d k  

3 2 8 8  

TABLE I Values of the gt product determined from tabulated 
absorption coefficients (calculated) and from Equation 5 (present 
method). 

Sample gt (Calculated) gt (present method) 

ZnsvP4a 0.546 0.560 
ZnsoPso 0.754 0.790 
Zn3zP68 0.175 0.16o 

The theoretical intensity function k ith(k) is expressed 

as 

kith(k) = Na rpq p=l q=l 
p~:q 

X exp(-k2(~p2q/2) - kio(k) (8) 

where io(k)  is the small-angle Debye scattering, and * 
indicates the complex conjugate. 

The theoretical radial distribution function is calcu- 
lated from k ith(k) according to Equation 6 under the 
same conditions as in the experiment. The standard 
deviations apq are assumed to be adjustable para- 
meters. The unwanted k io ( k  ) contribution may be 
subtracted using the procedure described by Michell 
[36]. From the paracrystalline approach to the struc- 
ture of disordered systems, it follows that the size of 



the paracrystal expressed by the mean number of the 
net planes ( N )  + 1 and the distortion of the lattice 
described by the relative standard deviation of the 
interplanar distance 9 = [ ( (d2)  - (d)Z)/(d);71/2 are 
correlated by the cz* relation [37, 38] 

(N) l /2g  = 0~*, 0.l ~ 0(* ~ 0.2 (9) 

For the paracrystals, the integral width of the diffrac- 
tion profile 6s(s = 2 sin 0/k) for first order reflection is 
expressed by the following equation: 

+ (~)2  , (10) 

from which ( N )  can be calculated. 

4.1. Structural,model for Zn57 P43 and Zn~o Pso 
amorphous films 

The experimental intensity ki(k) and 4 ~ r ( p -  Po) 
functions for the amorphous films of composition 
Zn57P43 and ZnsoPso are similar (Fig. 4). Attempts 
have been made to simulate their atomic structure 
based on the crystalline Zn3P 2 model containing 40 
atoms [39] with ~ = 0.03 for the near neighbours and 
0.2 for remaining interatomic distances. The corn- 

parison of the experimental and calculated functions is 
shown in Fig. 4, and it is seen that the model based on 
the Zn3 P2 structure is inadequate to account for the 
experimental data. 

The crystalline structure of the Zn3 P2 structure is of 
the antifluorite type, in which P atoms form the dis- 
torted fc c lattice and Zn atoms occupy six tetrahedral 
voids. The experimental intensity and radial distribu- 
tion functions cannot be fitted by this model. More- 
over, mesomeric (or resonance) bonding, typical for 
crystalline Zn 3 Pz [39], is not expected to be the case 
for amorphous materials [40, 41]. A good fit is ob- 
tained using the model based on the hypothetical 1:1 
structure, intermediate between cubic Si III [42] and 
orthorhombic CdAs [43]. It has previously been 
shown [35] that this structure is adequate to account 
for the experimental data obtained for the Cd-As 
amorphous films. The structural parameters of the 
model consisting of 40 atoms packed inside the { 2 1 1 } 
orthorhombic bipyramide are given in Table II. In the 
hypothetical ZnP structure, the Zn atoms are c o -  
ordinated by 3 P and 1 Zn, each P atom having 3 Zn 
and 1 P as nearest neighbours. Thus the Zn-P,  Zn-Zn 
and P - P  contributions are involved in the first peak of 
the radial distribution function. The difference be- 
tween the chemical composition of the Zns~P43 
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sample and 1:1 stoichiometry has been taken into 

account,  allowing the P posit ions to be statistically 

occupied. 

4.2. Structural models for Zn32 P68 amorphous 
film 

Similar calculations to those for the Zn-rich samples 

were made for the Zn32P68 amorphous  film. The 
structures of the crystalline polymorphs  ~- and [3- 

Z n P  2 were considered as the models for the phos- 
phorus-rich film. A compar ison  of the experimental  

and calculated curves presented in Fig. 5 shows that  

the short-range order, i.e. the order conta in ing  first- 

and second-neighbour  interatomic distances (up to 
about  0.4 nm) is well modelled by these structures, but  

poor  agreement with experiment is seen for 
r > 0.4nm. For  the ~-ZnP2 model, the near-neigh- 
bours cr value was 0.03; for r = 0.352-0.433nm, 

cy = 0.27; r = 0.455-0.505nm, cy = 0.5; r = 0.508, 
o = 0.75; r > 0.509, cy = 0.35. The parameters of the 

[3-ZnP2 model were as follows: for the near  neigh- 

bours  ~ = 0.1; for r = 0.341-0.366nm, o = 0.12; 

r = 0.37-0.393nm, cy = 0.17; r = 0.4014).697nm, 
cy = 0.2; and for r > 0.7 nm, o = 0.3. The third radial 

dis t r ibut ion peak at about  0.6 nm is better reproduced 

by the model based on the CdAs 2 structure [44, 45], 

which also satisfactorily describes the atomic arrange- 
ment  in the arsenic-rich Cd-As  amorphous  films [35]. 

These three structures have c o m m o n  character is t ics--  
their lattices are formed by a corner-sharing distorted 

TAB L E I I  Model parameters of hypothetical ZnP structure for 
Zn57P43 and ZnsoPs0 amorphous films. 

Zn57 P43 Zns0 Pso 

Interatomic Interatomic 
distance (nm) o distance (nm) o 

rp_p 0.219 0.030 0.220 0.025 
rz,_ P 0.250 0.120 0.247 0.025 
rz,_z, 0.280 0.150 0.289 0.100 
0.353~0.395 0.700 0.343~).357 0.750 
0.412~0.431 0.500 0.388~).427 0.600 
0.513~0.596 0.300 0.514-0.640 0.150 
0.602q3.696 0.270 0.651- 0.30 
0.703~).800 0.300 
0.808- 0.350 

Space group P'a3 ZnsTP43(nm) ZnsoPso(nm) 
a = 0.6955 0.6900 

Cd in 8(c):(x, x, x) x = 0.616 0.621 

As in 8(c):(x, x, x) x = 0.091 0.092 
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tetrahedra arrangement. In the ~-ZnP 2 and CdAs 2 
structures, the Zn (Cd) atom is coordinated by four P 
(As) atoms, and each P (As) atom has two Zn (Cd) and 
two P (As) atoms as nearest neighbours. In the [3-ZnP2 
type, one half of Zn atoms are bounded to 4 P and the 
other half to 1 Zn and 3 P atoms. Three from four 
independent P atoms are bounded to 2 Zn and 2 P, the 
fourth P atom being bounded to 1 Zn and 3 P. The 
crystalline lattice of CdAs 2 has been scaled to simulate 
the macroscopic density of 3.5 gcm 3. Moreover, the 
ZnP4 tetrahedra have been contracted along the bond 
Zn-P  axis by 0.015nm to reproduce the near-neigh- 
bour distances. This deformation leads to dispersion 
of the Zn -P  and P - P  bond lengths which is character- 
istic for a- and [3-ZnP 2 structures [46, 47] as well as 
deformation in the spiral chains formed by the P 
atoms. The model parameters are listed in Table IlL 
The curves shown in Fig. 5 are calculated on the basis 
of the CdAs 2 model containing 30 atoms packed into 
the {2 1 I} tetragonal trapezohedron. This model gives 
better match to experiment than those of a- and 13- 
ZnP 2. 

4.3. ~* relation for amorphous Zn-P films 
The integral width of the first and most intense diffrac- 
tion peaks were determined by decomposing the dif- 
fraction intensity in the range of 0-0.8nm on three 
overlapping Lorentzians [48]. 8s (see Equation 10) 
was then evaluated. The paracrystalline distortion 
parameter 9 was estimated from the model distortions 
as the average value of the standard deviations of the 
interatomic distances between atoms which occupy 
the neighbouring net planes divided by (d )  [35, 49]. 
From the theory of paracrystals it follows that the 
'bearing net planes', i.e. the most densely packed net 
planes, should be taken into account when analysing 
the ~* relation [38], These net planes also limit the 
volume of the paracrystals. (N> can be obtained 
according to Equation 10. Table IV includes the 
values of ~Ss, 9 and ( N )  together with (N>I/2g, and 
shows that the ~* relation is satisfied for the investi- 
gated amorphous Zn-P  films. 

TABLE IV Valur of 8s, 9, (N) and (N)t/29. 

8s 0 (N) (N)mo 

ZnsTP43 0.17 0.11 2.75 ~ 3 0.19 
ZnsoPso 0.17 0.11 2.78 ,,~ 3 0.19 

Zn32P6s 0.19 0.12 2.77 ~- 3 0.20 

It is noteworthy that the ~* relation limits the size 
of the models. For a larger model, the use of the 
calculation procedure presented here produces too 
much structure in the high r region of the radial 
distribution function. Therefore the higher values of 
and hence g should be taken into account for ' the 
experimental data. However, for the large ( N )  value, 
the paracrystalline distortion parameter g cannot in- 
crease without limitations, as follows from Equation 9. 
The extents of the constructed models of about 0.9 nm 
are in agreement with the estimations obtained from 
the paracrystalline theory. The ( N )  and g values 
collected in Table IV indicate that the description of 
the Zn-P  amorphous structures is at the limit of 
applicability of the paracrystalline approach. For 
lower ( N )  and greater g, the network cannot be 
paracrystalline--the structure should be considered 
rather in terms of the random network model. 

5. Summary 
The XRD data for the amorphous Zn -P  films are 
interpreted in terms of the paracrystalline approach. 
Two structural models, one intermediate between Si 
III and CdAs type, and the second based on CdAs 2 
lattice, are adequate to account for the experimental 
data in the Zn- and P-rich compositional regions, 
respectively. Comparison with previously studied 
amorphous cadmium arsenide films shows that there 
is a correspondence between the atomic arrangement 
in Zn-P  and Cd As amorphous films. From analysis 
of the diffraction profile, it is found that the ~* relation 
with ( N )  U2 9 = 0.194).20 is satisfied for the zinc 
phosphide amorphous films investigated. 

TAB L E Ill Model parameters for Zn32 P68 amorphous film based 
on CdAs 2 structure. 

lnteratomic distance (nm) cr 

rp_p 0.211 
0.222 (re_p) = 0.223 0.02 
0.233 

rz._ P 0.233 
0.235 
0.239 (rz ._p)  = 0.24l 0.02 
0.246 
0.256 
0.322 - 0.345 0.25 
0.359 - 0.432 0.15 
0.451 - 0.529 0.25 
0.550 - 0.691 0.35 
0.728 - 0.30 

Space group 1 412 2 a = 0.742 nm 
Zn in 4(d):(0, 0, 0) P in 8(f):(x, 1/4, 1/8) 

c = 0.432 nm 
with x = 0.434 
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